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Bamboo carbon (BC) reinforced polylactic acid (PLA) composites play a
significant role in optimizing the utilization of bamboo resources and
advancing green, low-carbon, and circular development. To minimize
production costs, a relatively high content of bamboo carbon (40 wt.%)
was incorporated into the PLA matrix. However, for the high content of BC
filler, the optimal process of balancing filler amount and interfacial
properties is still unknown. In this study, a three-factor, four-level
orthogonal experimental design was employed to investigate the effects of
various processing parameters, initiated with twin-screw extrusion, on the
crystalline structure, thermal properties, and mechanical performance of
the composites. The optimal processing conditions for BC/PLA
composites were determined to be a processing temperature of 195 °C, a
screw speed of 120rpm, and a feed rate of 15g/min. Under these
conditions, the tensile strength of the resulting composite reached
40.9MPa. This study provides valuable insights for enhancing the
performance of BC/PLA composites while promoting their large-scale
application in sustainable materials engineering.
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INTRODUCTION

Polymer matrix composites have attracted extensive attention in recent decades
because their properties can be effectively tailored through the selection of matrix
materials, fillers, and processing methods (Alarifi 2023). Composite materials have
overcome the performance limitations of traditional single-component materials and have
created substantial value in various industrial applications (Anwer and Naguib 2016;
Backes et al. 2019). In modern aerospace engineering, carbon fiber—reinforced ultra-high-
temperature ceramic composites are considered ideal materials for manufacturing engines
and hypersonic vehicles (Chaudhary ef al. 2001; Binner et al. 2020). Glass fiber composites
are widely used in automotive components such as doors and body panels to improve safety
while significantly reducing vehicle weight (Dobrzanski 2006; Cuadri and Martin-Alfonso
2018). Among various types of composites, thermoplastic polymer matrix composites,
such as those based on polylactic acid (PLA) and polyolefins, have attracted significant
attention due to their melt processability, recyclability, and suitability for extrusion-based
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manufacturing (Friedrich and Almajid 2013; Douglas et al. 2015; Dubey et al. 2017;
Ferdinand ef al. 2023).

Scientists are increasingly focusing on the development of filler-modified polymer
composites. Among various biodegradable polymers, PLA has emerged as one of the most
extensively studied materials due to its eco-friendly and straightforward preparation
process (Fu ef al. 2008; Hietala and Oksman 2018; Ghorbani and Amirahmadi 2024).
However, its inherent brittleness makes it susceptible to fracture under external impacts.
Consequently, the modification of PLA to overcome this drawback has become a major
research focus (Kuan et al. 2008; Ho et al. 2015). Numerous studies have investigated
PLA-based composites incorporating inorganic fillers, plant fibers, and biomass carbon
(Liu and Zhang 2011; Ma et al. 2019; Liu et al. 2020; Kuang et al. 2022; Madueke et al.
2022).

BC, a readily available and low-cost biomass-derived charcoal, can serve as a filler
in PLA composites. Ho reported that increasing BC content enhanced the tensile strength
of PLA, flexural strength, and ductility index by 43%, 99%, and 52%, respectively
(Mitchell 1996). However, they also found that when the BC content exceeded 7.5 wt.%,
its dispersion within the PLA matrix deteriorated, leading to poor interfacial bonding and
compromised mechanical performance. Notably, deterioration at high filler loading is not
governed solely by interfacial incompatibility (Ashraf ef al. 2018). Particle agglomeration
can form matrix-starved regions within clusters, resulting in weak load transfer and reduced
tensile performance (Cionita ef al. 2022). Therefore, uniform dispersion and sufficient melt
infiltration are critical for maintaining mechanical integrity in BC/PLA composites with
high BC content (Baniasadi et al. 2025). To overcome this dispersion challenge and
maintain composite integrity, selecting an appropriate processing method is crucial (Nam
et al. 2014; Patel et al. 2018; Mohammadi et al. 2022). Among various techniques, twin-
screw extrusion pelletizing has gained widespread use in polymer composite fabrication
due to its high production efficiency (Qian et al. 2018). Materials produced by this method
exhibit improved mechanical properties. Moreover, its continuous processing capability
helps reduce manufacturing costs. Therefore, although twin-screw extrusion shows great
potential for producing BC/PLA composites with high filler content, the optimal
processing parameters required to achieve uniform dispersion and strong interfacial
bonding remain unclear.

This study aimed to develop highly filled BC-based degradable composites.
Therefore, a series of BC/PLA composites were prepared using twin-screw extrusion, with
a fixed PLA-to-BC mass ratio of 6:4 (w/w), which was determined through preliminary
experiments to balance BC content and tensile performance. A three-factor, four-level
orthogonal design was implemented, focusing on screw speed, temperature, and main feed
rate to evaluate their effects on the composites’ crystallization behavior, thermal behavior,
and mechanical performance. This work systematically investigated the influence of key
twin-screw extrusion processing parameters on the mechanical, thermal, and crystallization
behaviors of BC/PLA composites at a fixed high BC loading of 40 wt.%, using an
orthogonal experimental design.
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EXPERIMENTAL

Sample Preparation

PLA FY601 had a density 1.24 of g/cm® and glass transition temperature of 60 °C
(Anhui Fengyuan Biotechnology Co. Ltd). The BC powder (supplier-specified grade,
carbonization temperature 800 °C), was provided by Shanghai Hainuo Carbon Co. In this
study, the mass ratio of PLA to bamboo carbon (BC) was fixed at 6:4, corresponding to a
BC content of 40 wt.% for all composite formulations, unless otherwise specified.

BC Physical and Chemical Properties Analysis

The BC powder was dried in an oven at 60 °C for 8 h. The standard and specimen
samples were weighed by an electronic balance, with the mass of each sample being 50 to
60 mg. Disposable rubber gloves were put on during the weighing process, and wind
blowing and vibration were avoided to prevent the measurement from being incorrect. The
specimens and BC powder were wrapped with tinfoil and put into a carbon and nitrogen
analyzer (G2131-I, Bicor, USA) for complete combustion, and the elemental content of
BC powder was measured after calibrating the instrument with the specimens.

BC Particle Size Analysis

A certain amount of BC was placed in anhydrous ethanol and processed by
ultrasonic shaking for 20 min. The particle size of BC was tested by laser particle sizer
(MS 3000+EV, Malvern Panaco, UK), using deionized water as the dispersant with
refractive index of dispersant of 1.33. The tabletop was kept tidy during the test to prevent
any influence on the results.

Chemical Structure Analysis of BC

The chemical structure of BC was tested using a Fourier infrared spectrometer. A
certain amount of BC powder and potassium bromide powder were distributed and
wrapped in tinfoil and dried in an oven at 60 °C for 8 h. After drying, they were put into a
mortar to be ground and mixed and pressed into thin slices, and the ratio of BC powder and
potassium bromide was 1:100. The tests were performed under the following conditions:
scanning range of 4000 to 400 cm™!, instrumental resolution of 4 cm™!, and the number of
scans of the background and samples were both 32.

BC Specific Surface Area and Pore Analysis

The specific surface area and pore size of BC were analyzed using a fully automated
specific surface area analyzer (ASAP 2460, McMurray Tick, USA). First, 100 mg of BC
powder was placed in the instrument; the degassing temperature was set at 200 °C and the
degassing time at 8 h for isothermal N2 adsorption-desorption test. The specific surface
area was calculated by the BET method, and the pore size distribution was derived from
the BJH model.

Orthogonal Experimental Design and Preparation of BC/PLA Composites

A twin-screw extruder (Harbin Harp Electric Technology Co., Ltd.), which has a
convenient speed of charging, good mixing ability, and good exhaust performance, is
regarded as better than a single-screw extruder. That is because of its good processing
performance, exhaust, and stability. Accordingly, twin-screw extruders are widely used in
today’s industrial production. Key parameters of the twin-screw extruder—such as screw

Fang et al. (2026). “Carbon reinforcement for PLA,” BioResources 21(2), 3449-3468. 3451



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

speed, screw type, processing temperature, and screw L/D ratio—have a significant effect
on material transport and filler dispersion. Optimized settings promote uniform filler
distribution, which is essential for maintaining the mechanical integrity of the composites
(Rajeshkumar et al. 2021). The twin-screw extruder used in this study is shown in Fig. 1.
Unless otherwise specified, all BC/PLA composites were prepared with a fixed PLA-to-
BC mass ratio of 6:4 (corresponding to 40 wt.% BC). To investigate the optimum extrusion
process for BC/PLA composites, Lg (34) orthogonal experiments were designed and
analyzed with three factors, temperature (A), screw speed (B), and main feed speed (C) of
the twin-screw extruder, based on preliminary processing trials conducted to determine
feasible parameter ranges for stable extrusion. The orthogonal experimental factor levels
are shown in Tables 2 2 and 2 3. BC and PLA were combined from the fourth zone of the
twin-screw extruder, so the temperatures in the first to ninth zones of the twin-screw
extruder were all set to 180, 185, 190, or 195 °C according to the orthogonal experimental
design.

The BC and PLA were dried in an oven at 60 °C for 8 h. After drying, the BC was
placed in the side feeding system of the twin-screw extruder, and the PLA was placed in
the main feeding system, and the mass ratio of PLA to BC was 6:4. This PLA-to-BC ratio
(6:4) was kept constant throughout all orthogonal experiments. The prepared BC/PLA
composites were placed into a mold and made into sheets with a thickness of about 1 mm
by using a flatbed vulcanizer. The temperature of the plate vulcanizing machine was 185
°C, the pressure was 8 MPa, the first hot pressing time was 9 min, and the second hot
pressing time was 5 min, the first hot pressing time needed to be manually pressurized in
order to further remove air bubbles in the melt, and the molds were quickly put into the
cold press and cooled down to room temperature after the hot pressing was completed. All
composite sheets were prepared using identical hot-pressing parameters (185 °C and 8§ MPa)
to ensure consistent post-processing conditions. Therefore, the influence of hot pressing on
the final properties was kept constant for all samples, and the observed differences can be
primarily attributed to variations in extrusion processing parameters. Accordingly, the
PLA-to-BC ratio of 6:4 was selected as the baseline composition for subsequent process
optimization and property evaluation in this study.

il
O
HAPPO L EFET TR

HAPPO
cooling water tank

o E—

Fig. 1. Schematic diagram of twin-screw extruder

Table 1. Table of Factors and Levels for Orthogonal Experiments

Factors
A (T °C) | B (Screw speed rpm/min) | C (Main feed flow rate g/min)
1 180 100 12.5
2 185 120 15
3 190 140 17.5
4 195 160 20
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Table 2. Ability of Orthogonal Experiments

Factors
Samples
T (°C) | Screw speed (rpm/min) | Main feed flow rate (g/min)
BC-1 180 100 12.5
BC-2 180 120 15
BC-3 180 140 17.5
BC-4 180 160 20
BC-5 185 100 15
BC-6 185 120 12.5
BC-7 185 140 20
BC-8 185 160 17.5
BC-9 190 100 17.5
BC-10 190 120 20
BC-11 190 140 12.5
BC-12 190 160 15
BC-13 195 100 20
BC-14 195 120 17.5
BC-15 195 140 15
BC-16 195 160 12.5

Tensile Strength Test

The specimens were made and tested according to the national standard GB/T
1040.1 (2018). The sheets were cut into dumbbell-shaped specimens of 35 mm in length
and 2 mm in width using a cutter (Fig. 2). The tensile properties of BC/PLA composites
were tested using a microcomputer-controlled electronic universal testing machine
(UTM2203, Shenzhen Sansi Zongheng Technology Co., Ltd.). The tensile rate was set to
I mm/min. For each formulation, five specimens were tested under identical conditions,
and the reported tensile strength represents the average value. No data were excluded from
the analysis.

35 mm

I mm
Fig. 2. Schematic diagram of the sample for the tensile test

X-ray Diffractometry

The BC/PLA composites were pulverized using a micro plant pulverizer (FT102,
Tianjin Tester Instrument Co., Ltd.) and then sieved through a 200-mesh sieve to obtain
the powder to be tested. The BC and BC/PLA composite powders and BC powders were
tested by X-ray diffractometer. The X-ray diffractometer used a Cu target with a dwell time
of 0.2 s per step, a step size of 0.02°, a 20 range of 10° to 50°, an operating voltage of 40
kV, and an operating current of 40 mA.
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Differential Scanning Calorimeter (DSC)

A differential scanning calorimeter (TA Q2000, Waters, USA) was used to test the
thermal properties of BC/PLA composites. The composites were pulverized into powder
using a pulverize and then about 10 mg of the sample was taken and sealed in the aluminum
crucible of the instrument, and the test was carried out in a protective atmosphere of No.
The sample was heated from 30 to 200 °C at a rate of 10 °C/min and kept at a constant
temperature for 10 min to eliminate thermal history. The sample was then cooled to 30 °C
at 10 °C/min and scanned by heating from 30 to 200 °C at 10 °C/min. The corresponding
data of the second heating process was recorded. The degree of crystallinity (Xcc) was
calculated as follows,

_ AHp-AH

O T X 100% (1)

where AHm is the enthalpy of melting at the second warming of BC/PLA composites, AHcc
is the enthalpy of cold crystallization at the second warming of BC/PLA composites, and
AHo is the enthalpy of 100% crystallization of PLA, i.e., 93.6 J/g. XpLa refers to the weight
ratio of PLA in BC/PLA composites.

Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer (TGA 4000, Perkin Elmer, USA) was used to
analyze the heat loss characteristics of BC/PLA composites. A spray gun and alcohol were
utilized to remove the impurities from the crucible, after which the clean crucible was
placed on top of the tray inside the instrument, covered, and the researcher waited for the
balance to be stable before zeroing. Once this was accomplished, the crucible was removed.
Approximately 10 mg of sample was inserted and weighed by the instrument for testing.
The instrument was heated at a rate of 10 °C/min over a temperature range of 30 to 500 °C
with a protective gas of N2 at a flow rate of 20 mL/min.

RESULTS AND DISCUSSION

Particle Size, Elemental Composition, Crystalline Structure, Chemical
Structure, and Specific Surface Area of BC

Previous studies have demonstrated that an increase in pyrolysis temperature
typically leads to a reduction in biochar yield as a result of intensified devolatilization,
while simultaneously enhancing the degree of carbonization and structural ordering of the
resulting bamboo carbon (Wang et al. 2024). However, higher pyrolysis temperatures
promote a higher degree of carbonization, leading to increased fixed carbon content and
more developed pore structures. As shown in Table 3, the carbon (C), hydrogen (H), and
nitrogen (N) contents of BC were 96.2%, 0.57%, and 0.29%, respectively, indicating that
elemental carbon is the primary component of BC. These results suggest that the BC
powder was derived from high temperature pyrolyzed charcoal.

Table 3. Elemental Analysis of BC
Samples C (%) H (%) N (%)
BC 96.22 0.57 0.29
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The particle size distribution of BC is presented in Table 4. BC particles with
smaller sizes possess higher surface energy and tend to agglomerate during composite
preparation (Ramesh et al. 2021). In engineering applications, the D50 index is of primary
concern. It represents the particle size at which 50% of the particles in the sample are
smaller and 50% are larger. This value is commonly used to represent the median particle
size of a powder sample. In this batch, 50% of the particles had diameters smaller than 6.32
um, indicating a median particle size of 6.32 um. The mesh designation provided by the
supplier is regarded as a nominal commercial specification rather than a strict physical
sieving criterion. The particle size of BC was characterized by laser diffraction, and the
actual size distribution was evaluated based on D10, D50, and D90 values rather than
nominal mesh size.

Table 4. Particle Size Distribution of BC

Samples | Dx(10) (um) | Dx(50) (um) | Dx(90) (um) | Dx(97) (um) | Dx(100) (um)
BC 1.68 6.32 14.1 18.3 241

The crystalline structure of BC is illustrated in Fig. 3. High-temperature pyrolysis
destroys the crystalline phase of cellulose, leading to its gradual degradation. As a result,
the XRD pattern of BC powder exhibited broad diffraction peaks in the range of 15° to 30°
and a distinct peak near 44°. These peaks correspond to the (100) plane (JCPDS 89-8487)
and the (020) plane (JCPDS 74-2330) of the graphitic carbon structure (Liu et al. 2020).
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Fig. 3. Crystal structure of BC

An increased level of graphitization enhances not only the electron transfer
capability and electrical conductivity of BC, but it also enhances its adsorption capacity
and catalytic activity (Rasselet et al. 2014). Moreover, a higher degree of graphitization
can stimulate microbial activity, thereby enhancing the anaerobic digestion of organic
waste. BC produced via high-temperature pyrolysis exhibits good electrical conductivity,
which must be addressed to mitigate potential interference in electromagnetic applications
(Saravana et al. 2025).

Figure 4 shows the Fourier transform infrared (FTIR) spectra of BC, where the
absorbance peaks around 3500 cm™! indicate the presence of -OH groups on the surface of
BC, and the absorbance peaks between 1527 cm™! are due to the C=O stretching vibration
of the COOH groups (Taib et al. 2023). This indicates that BC itself has a certain number
of oxygen-containing groups.
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Fig. 4. FT-IR pattern of BC

The surface area, specific surface area, pore volume, and average pore diameter of
the BC powder are summarized in Table 5. The BC powder exhibited a relatively high
specific surface area, suggesting a larger contact interface with PLA and a greater potential
for effective interfacial bonding. The average pore diameter reported in Table 5 was
obtained from BJH analysis of the adsorption branch and corresponds to a volume-
weighted average pore diameter rather than a number-based average. The isothermal
nitrogen adsorption—desorption curve of BC is presented in Fig. 5a. The observed
hysteresis (non-closure) of the adsorption—desorption curves can be attributed to the ink-
bottle-shaped or non-rigid pore structures of BC. Such pores, characterized by narrow
necks and wider bodies, impede complete nitrogen desorption, resulting in a desorption
branch that lies above the adsorption curve. As shown in Fig. 5b, most of pores in the BC
sample were concentrated in the 3 to 4 nm range.
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Fig. 5. N2 adsorption—desorption isotherms (a) and pore size distribution (b) of BC

Table 5. Porous Properties of BC Determined from N. Adsorption—desorption

Samples Surface area Specific surface area Pore volume Average pore
(m?/g) (m?/g) (cm®/g) diameter (nm)
BC 197.99 187.81 0.083 2.23
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Effect of Process Parameters on Tensile Properties of BC/PLA Composites

The range analysis of tensile strength based on the orthogonal tests is presented in
Table 6. The R values for temperature, screw speed, and main feed flow rate were 11.97,
9.08, and 6.06, respectively. Therefore, the order of influence on the tensile strength of the
BC/PLA composites was temperature > screw speed > main feed flow rate. Temperature
directly affects the melting behavior of the PLA matrix (Wang et al. 2018; Trivedi et al.
2023). If the temperature is too low, the PLA matrix does not melt sufficiently, making it
difficult to disperse the BC filler uniformly, which can lead to stress concentrations.
Conversely, excessively high temperatures can cause thermal degradation of the PLA
matrix, break molecular chains, and further reduce its mechanical properties (Wang et al.
2020; Wang et al. 2021). High screw speeds generate strong shear forces that enhance PLA
flow into BC pores and promote filler dispersion. However, as with high temperatures,
excessive screw speed can hinder adequate bonding between PLA and BC, reduce cross-
linking, and degrade the matrix mechanically, ultimately lowering tensile strength. An
excessively high main feed flow rate may result in barrel overfilling and increased torque,
which could trigger the extruder’s safety mechanisms or even causing mechanical failure.
Before mixing, it is essential to dry the raw materials, as the filler can absorb ambient
moisture, which evaporates under high extrusion temperatures, forming internal bubbles
that compromise filler—matrix adhesion and overall composite performance.

In materials science, the range-analysis method provides significant advantages,
allowing rapid determination of the critical parameters governing system response and their
optimal settings. By assessing the magnitude of factor-level effects on response variables,
this method rapidly identifies the key factors governing material properties. Quantitative
comparison of extreme values enables the identification of primary and secondary factors,
as well as their interactions, that affect material performance. Applying this method to the
processing optimization of BC/PLA composites allows for the effective determination of
optimal twin-screw extrusion parameters.

As shown in Table 6, the extreme difference values followed the order Ra > Rg >
Rc, indicating that the influence of factors ranked as: temperature > screw speed > main
feed flow rate. Among the three factors, the highest R-values were k4, k2, and ko,
respectively. Thus, the optimal processing combination was temperature 195 °C, screw
speed 120 rpm, and main feed flow rate 15 g/min. The tensile strength of the BC/PLA
composites prepared under this condition reached 40.86 MPa, outperforming all other
process conditions. Thus, this process combination enhanced the composite’s tensile
strength.

Additionally, the tensile strengths of BC-9 and BC-11 were significantly lower than
those of other samples. The extremely low tensile strengths observed for BC-9 and BC-11
were reproducible across repeated tests and were therefore not treated as outliers. No data
elimination was performed. These low values reflect unstable extrusion conditions that led
to poor BC dispersion and weak interfacial bonding. For BC-9 (190 °C, 100 rpm, 17.5
g-min'), the relatively low screw speed combined with a high feed rate likely resulted in
insufficient shear stress, leading to poor BC dispersion and local agglomeration within the
PLA matrix. In contrast, BC-11 (190 °C, 140 rpm, 12.5 g:min") experienced excessive
shear relative to the feeding rate, which may have caused PLA chain degradation and
unstable melt flow. Both parameter combinations fell outside the stable processing
window, resulting in weak interfacial bonding and significantly reduced tensile strength.
This mismatch may have impaired the BC—PLA interfacial bonding and caused severe BC
agglomeration, ultimately reducing the composite’s tensile strength.

Fang et al. (2026). “Carbon reinforcement for PLA,” BioResources 21(2), 3449-3468. 3457



PEER-REVIEWED ARTICLE

bioresources.cnr.ncsu.edu

Table 6. Results of Orthogonal Experiments

Samples T Screw Speed Main Feed I_:Iow Rate Tensile Strength
(°C) (rpm/min) (g/min) (MPa)
BC-1 180 100 12.5 29.67
BC-2 180 120 15 30.43
BC-3 180 140 17.5 24.95
BC-4 180 160 20 31.19
BC-5 185 100 15 32.17
BC-6 185 120 12.5 36.31
BC-7 185 140 20 224
BC-8 185 160 17.5 32.56
BC-9 190 100 17.5 8.5
BC-10 190 120 20 31.5
BC-11 190 140 12.5 12.12
BC-12 190 160 15 25.21
BC-13 195 100 20 30.3
BC-14 195 120 17.5 31.47
BC-15 195 140 15 33.92
BC-16 195 160 12.5 29.51
k1 29.06 25.16 26.90 -
k2 30.86 32.43 30.43 -
k3 19.33 23.35 24.37 -
k4 31.30 29.62 28.85 -
R 11.97 9.08 6.06 -
igfﬁg:]g; T>Screw speed>Main feed flow rate
N
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Fig. 6. Effect of different process parameters on the crystal structure of BC/PLA composites
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Effect of Process Parameters on the Crystalline Structure of BC/PLA
Composites

Figure 6 illustrates the influence of various processing parameters on the X-ray
diffraction (XRD) patterns of BC/PLA composites. Despite the different processing
conditions, all samples exhibited similar characteristic diffraction peaks at approximately
16° and 18°, corresponding to the (200)/ (100) and (203) crystal planes, respectively. The
crystalline structure of the BC/PLA composites remained unchanged under different
processing conditions. The peak intensities and widths were comparable across all samples,
and the PLA crystalline form remained predominant. Minor shifts in peak positions to the
left or right were observed depending on the processing parameters, however, these shifts
were not substantial. Overall, the processing parameters had no significant effect on the
crystalline structure of PLA.

Influence of Process Parameters on Thermal Properties of BC/PLA
Composites

Figure 7 illustrates the effects of various processing parameters on the second
heating curve obtained from the differential scanning calorimetry (DSC) analysis of the
BC/PLA composites.
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Fig. 7. DSC secondary heating curves of BC/PLA composites with different process parameters

Table 7 summarizes the thermal parameters for each composite group. As shown
in the graphs, the glass transition temperature (7%), cold crystallization temperature (7¢),
and melting temperature (7m) exhibited minimal variation across different processing
conditions, whereas the enthalpy of cold crystallization (AHcc) and the melting enthalpy
(AHm) varied noticeably. All samples exhibited a crystallization peak near 100 °C and a
melting peak around 173 °C. The crystalline of the samples ranged from 47% to 57%,
which can be attributed to variations in extrusion conditions affecting the dispersion of BC
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within the PLA matrix. This, in turn, influenced the crystallization behavior of PLA and
ultimately affected the overall crystallinity of the composites. While the different
processing parameters had little effect on Ty, T¢, and 7m, they did influence AHcc and AHm
to some extent.

Table 7. Thermal Characteristic Parameters of BC/PLA Composites with Different
Process Parameters

Samples T, (°C) T. (°C) Tm (°C) AHe (JI9) | AHw (JIg) Xz (%)
BC-1 61.36 100.52 173.42 8.82 37.97 51.90
BC-2 61.60 100.96 173.51 7.78 38.18 54.13
BC-3 61.14 100.66 173.54 12.35 39.85 48.97
BC-4 61.58 101.25 174.04 7.34 36.39 51.72
BC-5 60.96 101.62 173.93 7.70 36.16 50.68
BC-6 61.96 101.71 173.70 11.61 40.41 51.28
BC-7 62.00 101.09 173.55 8.47 38.18 52.91
BC-8 61.63 101.26 173.37 11.23 39.16 49.73
BC-9 61.36 101.53 173.38 12.61 39.18 47.31
BC-10 | 61.96 101.71 173.70 11.61 40.41 51.28
BC-11 59.60 100.07 173.90 16.36 41.86 45.41
BC-12 | 60.57 100.67 172.98 10.17 38.21 49.93
BC-13 | 61.41 100.46 172.92 13.84 41.03 48.42
BC-14 | 60.61 97.71 173.72 2.91 31.57 51.03
BC-15 |  61.01 101.51 172.88 13.95 4111 48.36
BC-16 | 61.21 100.26 173.30 4.35 36.10 56.54

The variations in AHc. and AHm can be attributed to differences in BC dispersion
and the resulting mobility of PLA molecular chains induced by processing parameters.
Under appropriate temperature and screw speed conditions, well-dispersed BC particles
can act as heterogeneous nucleation sites, facilitating PLA crystallization during heating
and leading to higher AHm and lower AHc. (Haeldermans et al. 2021). This enhanced
crystallization behavior is generally associated with improved tensile performance, as a
more developed crystalline structure contributes to higher load-bearing capability.

In contrast, insufficient or excessive shear during extrusion may lead to BC
agglomeration or PLA chain degradation, which restricts chain rearrangement and
crystallization, resulting in increased AHcc and reduced effective crystallinity
(Mysiukiewicz et al. 2020). This trend is consistent with the lower tensile strengths
observed for samples processed outside the optimal parameter window.

Effect of Process Parameters on Thermal Stability of BC/PLA Composites
As shown in Fig. 8 and Table 8, the mass loss curves of the BC/PLA composites
containing 40 wt.% BC (PLA:BC = 6:4), prepared under different processing parameters
exhibited similar thermal degradation behavior, with only slight variations. Notably, the
BC-1 sample exhibited a slightly lower onset decomposition temperature compared to the
others. Overall, all samples demonstrated minimal mass loss below 250 °C, which can be
primarily attributed to the evaporation of absorbed moisture, as BC is prone to
hygroscopicity (Xie et al. 2010; Wu et al. 2022). This minor weight loss did not
significantly affect the structural integrity of the composites, indicating thatth ¢
BC/PLA materials possessed good thermal stability within typical service temperature
ranges. Upon reaching approximately 250 °C, all samples began to undergo pyrolysis,
indicating the initiation of PLA molecular chain scission. The onset decomposition
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temperature (75%) for most samples was around 300 °C, with BC-1 being a slight exception,
suggesting that processing conditions had limited influence on the thermal stability of the
composites. Figure 9 further shows the mass loss rate of the same BC/PLA composites
containing 40 wt.% BC under different processing conditions. The differential
thermogravimetric (DTG) curves presented in Fig. 9 demonstrate that all samples exhibited
a sharp, single degradation peak, with maximum weight loss rates occurring around 330
°C, ranging between 17%/min and 20%/min. This consistent single-peak pattern indicates
a rapid and concentrated degradation process common across all samples, reinforcing the
conclusion that varying the processing parameters did not significantly affect thermal
decomposition characteristics. At the final analysis temperature of 500 °C, the residual
carbon content remained within the 35 to 40% range across all samples. The relatively low
mass retention could be attributed to partial BC loss during extrusion. Specifically, due to
its moisture-absorbing nature, some BC may have adhered to the inner wall of the feeder
and failed to enter the twin-screw extruder, potentially due to bridging. Consequently, the
PLA melt might not have fully interacted with the BC before exiting the extrusion zone,
resulting in reduced BC content in some samples. In summary, while minor variations in
BC content may occur due to processing limitations, the BC/PLA composites prepared
under different processing parameters consistently exhibited good thermal stability and
comparable degradation characteristics.
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Fig. 8. Effect of different process parameters on thermal stability of BC/PLA composites containing
40 wt.% BC (PLA:BC = 6:4). (a) Samples numbered BC-1 to 4; (b) Samples numbered BC-5 to 8;
(c) Samples numbered BC-9 to 12 (d) Samples numbered BC13-16
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Table 8. TGA Results of BC/PLA Composites Prepared by Different Process
Parameters

Samples T5% (°C) Roeak (%/min)/ Tmax (°C) Mass loss (%)
BC-1 282.97 17.31/323.58 39.40
BC-2 305.53 18.88/335.63 38.68
BC-3 297.85 18.564/335.37 35.77
BC-4 294.64 19.59/333.72 38.44
BC-5 298.34 20.61/334.77 37.82
BC-6 301.89 20.58/335.46 36.95
BC-7 306.17 19.39/335.54 38.29
BC-8 301.43 20.38/334.30 37.53
BC-9 302.63 20.72/334.45 38.88

BC-10 301.26 21.37/334.61 37.54
BC-11 300.73 20.56/338.95 36.94
BC-12 298.71 17.91/330.33 39.97
BC-13 298.86 20.17/332.96 37.62
BC-14 304.86 21.03/333.6 38.26
BC-15 296.92 20.53/331.84 36.98
BC-16 295.74 20.91/331.58 36.81

Analysis of Tensile Properties of BC/PLA Composites

Figure 10 shows the effect of BC addition on the tensile strength of BC/PLA
composites. The experimental results showed that the tensile strength of pure PLA was
37.4 MPa, while Van der Waals forces were formed between BC and PLA matrix, which
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in turn enhanced the tensile strength of the composites (Ye ef al. 2019; Zhu and Wang
2024). To further validate the rationality of the selected PLA-to-BC ratio (6:4), composites
with different BC contents were prepared under identical processing conditions for
comparison. This comparison was intended to demonstrate the relative advantages of the
6:4 ratio in terms of tensile performance while considering BC utilization, rather than to
re-optimize the composition. It was found that the tensile strength of PLA was still higher
than that of pure PLA when the ratio of PLA to BC was 6:4, and the tensile strength was
found to be significantly lower than the tensile strength of pure PLA when BC was added
up to half again.
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Fig. 10. Tensile properties of BC/PLA composites

In this study, an L16(4°) orthogonal experimental design was employed to
investigate the effects of three key processing parameters—temperature, screw speed, and
main feed flow rate—on the crystalline structure, thermal properties, and mechanical
performance of BC/PLA composites using twin-screw extrusion. The results showed that
variations in these processing conditions had limited influence on the crystalline structure,
thermal stability, and thermal transitions of the composites. The X-ray diffraction patterns
of all samples exhibited two characteristic peaks around 16° and 18°, corresponding to the
(200/100) and (203) crystalline planes of PLA, respectively, indicating no significant
structural changes. Most composites exhibited similar onset decomposition temperatures
and residual mass retention rates between 35% and 40%. Slightly lower mass retention
observed in a few samples was attributed to a “bridging” phenomenon during extrusion,
which led to incomplete BC feeding. The glass transition temperature (7g), cold
crystallization temperature (7cc), and melting temperature (7m) of all composites were also
consistent, occurring at approximately 60, 100, and 173 °C, respectively. However,
differences in BC dispersion caused slight variations in crystallinity among the samples.
The range analysis of tensile strength revealed that temperature had the most significant
effect, followed by screw speed and main feed flow rate. Based on the orthogonal test
results, the optimal processing parameters were identified as an extrusion temperature of
195 °C, a screw speed of 120 rpm, and a feed rate of 15 g/min. This study provides a
foundation for further process optimization and material modification of BC/PLA
composites. Based on the above comparison, the PLA-to-BC ratio of 6:4 shows a favorable
balance between tensile performance and BC content.
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CONCLUSIONS

1. The effects of different processing techniques on the crystalline structure, thermal
stability, and thermal properties of the BC/PLA composites were not significant.

2. The optimal processing parameters for BC/PLA composites were determined through
orthogonal testing as follows: an extrusion temperature of 195 °C, a screw speed of
120 rpm, and a main feed flow rate of 15 g/min.

3. To reduce the cost of fully bio-based composites while maintaining sufficient
mechanical strength, the PLA-to-BC ratio of 6:4 showed a favorable balance between
tensile performance and BC content under the investigated processing conditions.
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